Introduction
============

Stereotactic radiotherapy (SRT) is method to deliver highly precise radiation to intracranial tumors that can maintain fixed precision within 1-2 mm. This treatment method aims to minimize the radiation dose administered to normal tissues and increase the radiation administered to the tumor by accurately focusing radiation onto the target lesion (hereafter \"target\"). SRT was originally developed for clinical application in the 1960s as \"gamma knife radiosurgery,\" most commonly employing single high dose radiation, and evolved to the current form after linear accelerator (LINAC)-based radiosurgery was introduced by 1983. Both techniques initially were developed for treating intracranial brain tumors. The application of the stereotactic technique on the trunk of the body was initiated in the 1990s. In the USA, this is known as stereotactic body radiation therapy (SBRT) or stereotactic ablative external radiotherapy, while in Europe, it is known as extracranial stereotactic radiotherapy. In Japan it is commonly known as pin-pointed radiotherapy. Its first recognized use was by Blomgren et al. \[[@B1]\] of the Karolinska Institute in 1991, while in Japan, it was implemented by Uematsu et al. \[[@B2]\] in 1994. However, the main problem with performing SBRT on tumors of the trunk as opposed to brain tumors was tumor movement caused by bodily and respiratory movements. Therefore, when performing SBRT for tumors of the body trunk, it is extremely important to establish accurate patient fixation, breathing control systems, and verification of the irradiation field prior to each treatment.

Practice of SBRT
================

1. Patient fixation
-------------------

To restrain the bodies of patients during treatment, it is important to have suitable fixation methods. Various vacuum contact-type braces are currently available for use in SBRT that involve styrofoam in a plastic body frame.

2. Breathing control
--------------------

In lung tumors, tumor movement during respiration cannot be ignored. Methods that deal with the respiratory movement of patients can be broadly divided into the breath holding technique, the restricted respiration technique (abdominal compression), and respiratory gating technique. Efforts to reduce tumor movement during respiration (internal margin) are required.

The breath holding technique is a voice or light-gated intermittent irradiation system in which the patient temporarily suspends his/her breathing following an audible or light signal, allowing for irradiation. In this technique, breath is generally held at the resting expiratory level, and theoretically internal tumor volume, a radiation volume including tumor motion, is minimized, making it possible to set the minimal irradiated volume. In addition, devices can be used to help suspend breathing \[[@B3]\].

An alternative to this is the restricted respiration technique in which major movements of the patient\'s diaphragm are restricted by compressing the upper abdomen using either a belt or plate-like brace. Tumor movement is ascertained by fluoroscopy, and if found to be greater than 8-10 mm, it is common to restrict movement \[[@B4]\]. In practice, restriction of respiration is required owing to tumor movement greater than 8-10 mm in less than 25% of all patients.

In contrast to these methods, a respiratory gating technique has been developed that synchronizes irradiation with the respiratory phase (mainly the expiratory phase) while the patient breathes freely but periodically. This is a frequently used technique in which sensors are attached to the thoracic wall of the patient, or gold markers are introduced into the tumor \[[@B5]\], and irradiation is performed while sensing the patient\'s breathing.

3. Target determination and computed tomography (CT) imaging
------------------------------------------------------------

In highly accurate treatment planning, using CT images usually taken at 1-3-mm intervals, radiation oncologists delineate the contour of the tumor and the organs at risk. The breath synchronization and breath holding methods mentioned above are a prerequisite of treatment, and CT images are obtained in accordance with these techniques. When the restricted respiration technique is employed, a prolonged or slow scan CT imaging technique is used in which images are obtained slowly, with a scan time of \>4 seconds taken per slice to improve the accuracy of irradiation. It is important to be aware that the target definition differs according to these CT imaging techniques.

In recent years, 4-dimensional (4D) CT imaging technology has emerged, which involves placing infrared markers on the body surface of the patient to obtain a respiratory signal. Using this technique, target information (such as maximum intensity projection image) for the entire respiratory phase can be obtained. It is extremely useful in SBRT.

4. Treatment planning
---------------------

Once the target is delineated using reconstructed 3-dimensional (3D) images such as Beam\'s eye view or Room\'s eye view, the radiation field is determined by combining various factors, including the direction and energy of radiation. Non-coplanar 3D conformal multiport irradiation and static multiple arc radiotherapy are often used. In these methods, using either fixed multiport irradiation with \>6 ports or rotatory irradiation of \>400°, an approximate equivalent dose distribution can be achieved. Target dose in treatment planning include homogeneous radiation dose within the target (within 10%) and reduction (\<15%) of lung capacity (V20) of \>20 Gy of radiation. It is possible to achieve this by administering 3D irradiation from a total of 6-8 fields, including irradiation at an angle of +/- 20-40° non-coplanar beams as well as coplanar beams to the body\'s axis ([Fig. 1](#F1){ref-type="fig"}). Calculating the correct 3D radiation dose allowing for inhomogeneity correction is essential, as is the correction of the radiation dose due to the frame. Furthermore, attention should be paid to the radiation dose prescription used. In Japan, the isocenter is most often the radiation dose prescription point, while in Europe and the USA, the marginal dose of radiation at 80-90% is often used. It is important to note that treatment planning may differ according to the radiation field margin and the dose calculation method.

5. Pretreatment verification methods
------------------------------------

Prior to each dose of irradiation, verification images are created and checked using a high-energy X-ray image, portal image, or in-room CT to confirm that the correct site is being irradiated. In SBRT in particular, it is essential to conduct verification prior to irradiation. To verify the reproducibility of irradiation before each treatment, verification images (confirmation images taken before irradiation using the imaging equipment) are obtained. Reproducibility of the body position with the simulation film during treatment planning is confirmed. As a result, administering irradiation within the usual error range of 2-3 mm is possible through verification of each result before each treatment. In the Japan Clinical Oncology Group (JCOG) 0403 multicenter collaborative clinical trial, a margin of 5 mm is essential. There are an increasing number of facilities that conduct pretreatment verification using either X-ray equipment attached to image-guided radiation therapy (IGRT) or by CT, with equipment set up in the same room as the radiotherapy equipment.

Clinical Results and Toxicities
===============================

1. Exposure dose and treatment outcomes
---------------------------------------

Many different fractionated irradiation techniques have been used: 12 Gy×4 fractions per radiation treatment \[[@B6]\], 10-12 Gy×5-6 fractions per radiation treatment \[[@B5]\], 7.5 Gy×8 fractions per radiation treatment \[[@B7]\], and 15 Gy×3 fractions per radiation treatment. Regardless of the technique used, when the biological effective dose (BED) is \>100 Gy, the local control rate is 88-96% with some variation ([Table 1](#T1){ref-type="table"}) \[[@B5]-[@B12]\]. In these different fractionated irradiation methods, the radiation dose, total dose, and number of fractionations are often extrapolated using a linear quadratic (LQ) model calculation based on α/β values. For example, when the α/β value of the tumor is 10, a radiation dose of 12 Gy×4 fractions corresponds to 88 Gy×2 fractions. Using SBRT technology, it is possible to substantially increase the radiation dose.

Fowler \[[@B13]\] demonstrated that the LQ model can be clinically applied with few fractionations and that good localized control can be achieved with a BED\>100 Gy. In addition, it is unclear whether the number of radiations in SBRT can ultimately be reduced to one. However, for radiobiological reasons, fractionated irradiation is advantageous as long as hypoxic fractions exist in the tumor. Results from the USA and Europe estimate that 3-5 fractionated irradiations are the minimum number of irradiations while single irradiation is unsatisfactory.

Onishi et al. \[[@B14]\] examined cases from 13 medical facilities throughout Japan and reported treatment outcomes. While the local control rate was 86%, in cases able to undergo irradiation of BED\>100 Gy with surgery, the 5-year survival rate was excellent with 90% for the IA stage and 84% for the IB stage \[[@B14]\].

In Europe and the USA, Wulf et al. \[[@B10]\], Timmerman et al. \[[@B9]\], Xia et al. \[[@B11]\], and Baumann et al. \[[@B12]\] all report favorable local effects. However, the number of cases in these papers, when compared to cases in Japan, may have had poorer prognosis because more unfavorable cases were treated as subjects.

2. Normal tissue toxicities
---------------------------

In clinical results, the risk of radiation pneumonitis with symptoms greater than Common Terminology Criteria for Adverse Events (CTCAE)-grade 3 is extremely low compared with conventional radiotherapy for stage III lung cancer. In other words, provided an isolated tumor of \<4-5 cm in diameter is targeted in a lung, the irradiated volume of normal lung is within the permissible range. The majority of stage I lung cancer cases present asymptomatically, and care must therefore be taken with regard to treatment of emergent complications. However, in the subgroup of patients with poor respiratory function and in particular with underlying interstitial lung disease, there is a risk of fatal radiation pneumonitis (0.5-1.2%), and extra care must be taken \[[@B15]\]. Clinicians should be aware of the risk of other complications, such as rib fracture, intercostals neuralgia, pleural effusion, liver dysfunction, and brachial plexopathy. Furthermore, attention should be paid to extrapulmonary complications with central tumors close to the mediastinum. There have been reports of fatal hemoptysis \[[@B16],[@B17]\] and fatal esophageal ulcers \[[@B18]\]. Appropriate risk management is essential in central lung cancers where irradiation of the mediastinum (heart/large artery, trachea/bronchi, and esophagus) is unavoidable.

3. Clinical trials
------------------

In Japan, a multicenter collaborative clinical trial, the \"JCOG 0403 phase II clinical trial of SBRT for T1N0M0 non-small cell lung cancer\" took place in 15 facilities throughout Japan. The trial evaluated the efficacy and safety of SBRT for T1N0M non-small lung cancer cases in both operable and inoperable cases. On the one hand, with cases unfit for standard surgery, the question is whether current standard therapy with a total dose of 60-70 Gy, at 2 Gy per day should be replaced. On the other hand, where surgery is possible but refused, the question is whether clinical outcomes equal to surgery can be achieved. The primary endpoint is the 3-year survival rate with secondary endpoints being the overall survival rate, the progression-free survival period, the type of recurrence, and adverse events. The treatment method comprises a total radiation dose of 48 Gy at 12 Gy per day per fraction, three or four times per week for a total of four fractions, with the total treatment period within four to eight days. The results of the operable (but rejected) cases, reported in 2010, showed that although majority of subjects were elderly individuals with a mean age of 79 years, the 3-year survival rate was 76% and the 3-year local control rate calculated as per the Radiation Therapy Oncology Group (RTOG) was 86%. There were very few adverse events over grade 3 (6%). In 2012, the results of the inoperable cases, also using elderly subjects with a mean age of 78 years, were reported. Here the 3-year survival rate was 60%; the 3-year local control rate was 88% with no grade 5 adverse events.

The RTOG 0239 results were reported in the USA in 2009. This clinical trial tested 60 Gy by 3 fractions for the purpose of local control in T1-3N0M0 inoperable lung cancers\<5 cm in size. The median observation period was 36 months, and there was a high local control rate (recurrence within the planning target volume) of 98% at 3 years. However, although there were no grade 5 adverse events, 4% were grade 4 and 24% were grade 3.

In the USA, studies currently underway include the RTOG 0618 on stereotactic irradiation (excluding partial response cases for local effectiveness) for operable lung cancer, the RTOG 0813 dose escalation study from 10 Gy×5 fractions for central hilar lung cancer, and the RTOG 0915 study comparing 12 Gy×4 fractions against 34 Gy×1. Furthermore, in Europe, a scandinavian stereotactic precision and conventional radiotherapy evaluation (SPACE) trial comparing 15 Gy×3 fractions against 2 Gy×35 fractions is currently underway.

Randomized controlled studies between surgery and SRT, including the commencement of American College of Surgeons Oncology Group (ACOSG)/RTOG trial and the randomized study to compare cyberknife to surgical Resection in stage I non-small cell lung cancer (STARS) trial are underway.

The Outlook of SBRT
===================

1. Screening and detection of early-stage lung cancer cases
-----------------------------------------------------------

Recent breakthroughs in CT imaging technology paved the way for the discovery of ground glass opacity (GGO) early-stage lesions in the lung. The only current option for such lesions is to obtain a definite diagnosis by surgery. However, it is common for patients with these lesions to be unsuitable for radical surgery because of concurrent lung disease. Studies are needed in which surgery and SBRT are compared for GGO lesions that expand during observation \[[@B19]\].

2. Cases with poor respiratory function
---------------------------------------

SBRT is often used for patients with poor respiratory function who are considered unsuitable for surgery. Of these patients, only those with chronic obstructive pulmonary disease are not at high risk of radiation pneumonitis following irradiation; therefore, SBRT is considered suitable. However, there is no consensus on the possibility of SRT for patients with any degree of impaired pulmonary function. An analysis of these adaptive criteria is anticipated. In cases with active interstitial pneumonia, there have been many reports of fatal irradiation pneumonitis, and it is generally accepted that they should be excluded from treatment.

3. Hilar lung cancer
--------------------

When lung cancer develops near the pulmonary hilum, the treatment raises the risk of radiation exposure to key structures, such as the central trachea and bronchi, the esophagus, the pulmonary artery, and the spinal cord. When the tolerance dose is exceeded in these organs, there is the risk of massive hemorrhage because of ulcers in the trachea or bronchi and peripheral bronchial occlusion \[[@B16],[@B17]\]. However, there is a report of no complications with standard high-dose irradiation of 10-15 Gy as far as keeping normal tissue dose constraints \[[@B20]\]. Clinical trials are underway with the aim of finding optimal radiation doses.

4. Expanding the indication toward advanced lung cancer
-------------------------------------------------------

In advanced-stage lung cancer, the irradiation volume increases, meaning that it is difficult to apply SBRT technology in its current form. However, after 60-70 Gy of 3D irradiation, it may be possible to conduct additional SBRT limited to the remaining tumor. Factors that influence additional radiation exposure include volume effect, fractionation effect, and total treatment duration. Total radiation dose distribution, including these biological factors, needs to be introduced into treatment planning in the future.

5. Four-dimensional radiotherapy planning
-----------------------------------------

Future planning of 4D treatment should take into consideration time factors in existing geometric plans of 3D treatment. For example, even if the same dose of radiation is administered, the therapeutic effects differ greatly depending on the fractionated radiation dose and treatment duration. Furthermore, the final treatment plan may differ depending on the sensitivity to the initial irradiation. Ideally, treatment planning would take place before each irradiation. Gating and tracking are referred to as 4D treatment, but a new 4D treatment plan, including 4D CT, is expected in the future.

6. Development of new IGRT equipment
------------------------------------

Current advances in mechanical engineering are outstanding. The IRGT devices are new image capture devices introduced into the irradiation room that reflect images captured before and after treatment. Several devices have been developed and employed clinically: the Hokkaido University realtime tumor-tracking radiotherapy irradiation device with on board imaging on the LINAC, a new irradiation device by Varian and Elekta, Cyberknife, Hyperknife (precession motion irradiation), Tomotherapy, and Vero. Development of these new irradiation devices may enable the future development of innovative irradiation techniques. Remarkable treatment outcomes have been reported in ion beam radiotherapy \[[@B21]\], and a comparative study against X-rays is awaited.

7. New indications for SBRT
---------------------------

In Japan, SBRT is covered by public health insurance and is used for patients with primary lung cancer, metastatic lung cancer, primary liver cancer, metastatic liver cancer and arteriovenous malformation of the spinal cord.

There are treatment results for roughly 300 cases of liver tumors in Japan. However, radical resection, transcatheter arterial chemoembolization, local ethanol injection, and local ablation using radio frequency waves and microwaves are already conducted in everyday clinical practice. The treatment indications for SBRT in comparison to these established methods of treatment need better definition and guidelines. In the USA, an RTOG clinical trial is underway to determine the dose of radiation in SBRT suitable for primary liver cancer.

In addition to these diseases covered by health insurance, SBRT technology is extremely useful for any lesion limited to a local site. Therefore, renal cancers, adrenal gland tumors, paravertebral tumors, prostate cancer, and pancreatic cancer are being targeted \[[@B22]\].

Conclusion
==========

Radiation therapy is currently advancing from 3D to 4D treatment modalities using IGRT technique. In the future, we can look forward to the development and clinical application of high-precision radiotherapy, especially in SBRT.

Conflict of interest relevant to this article was not reported.

![A case of stereotactic body radiation therapy (SBRT) for early stage lung cancer (T1N0M0). SBRT is conducted on the left lung cancer by focusing radiation from six directions. Axial view, 3D image of radiation dose distribution.](crt-45-155-g001){#F1}

###### 
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